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Abstract The Deepwater Horizon oil spill was the largest
marine oil spill in US waters to date and one of the largest
worldwide. Impacts of this spill on salt marsh vegetation have
been well documented, although impacts on marsh macroin-
vertebrates have received less attention. To examine impacts
of the oil spill on an important marsh invertebrate and ecosys-
tem engineer, we conducted a meta-analysis on fiddler crabs
(Uca spp.) using published sources and newly available
Natural Resources Damage Assessment (NRDA) and Gulf
of Mexico Research Initiative (GoMRI) data. Fiddler crabs
influence marsh ecosystem structure and function through
their burrowing and feeding activities and are key prey for a
number of marsh and estuarine predators. We tested the hy-
pothesis that the spill affected fiddler crab burrow density
(crab abundance), burrow diameter (crab size), and crab
species composition. Averaged across multiple studies, sites,
and years, our synthesis revealed a negative effect of oiling on
all three metrics. Burrow densities were reduced by 39 % in
oiled sites, with impacts and incomplete recovery observed
over 2010–2014. Burrow diameters were reduced from 2010
to 2011, but appeared to have recovered by 2012. Fiddler crab
species composition was altered through at least 2013 and
only returned to reference conditions where marsh vegetation
recovered, via restoration planting in one case. Given the spa-
tial and temporal extent of data analyzed, this synthesis pro-
vides compelling evidence that the Deepwater Horizon spill
suppressed populations of fiddler crabs in oiled marshes, like-
ly affecting other ecosystem attributes, including marsh pro-
ductivity, marsh soil characteristics, and associated predators.
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Introduction
The Deepwater Horizon oil spill was the largest marine oil
spill in US waters to date and one of the largest worldwide:
over 3 million barrels of crude oil were released into the Gulf
of Mexico (U.S. District Court 2015), and over 1700 km of
coastal shorelines were oiled (Michel et al. 2013). Impacts of
this oil spill on salt marsh vegetation have been well docu-
mented (Lin and Mendelssohn 2012; Silliman et al. 2012;
Zengel et al. 2015a). In comparison, impacts of this spill on
salt marsh macroinvertebrates have received little direct atten-
tion (although seeMcCall and Pennings 2012, focused mainly
on insects; and Zengel et al. 2015b addressing marsh
periwinkles). As part of the Natural Resources Damage
Assessment (NRDA) process, we addressed the impact of
the Deepwater Horizon oil spill on fiddler crabs (Uca spp.),
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the dominant crab species in salt marshes in the Gulf region
and an important ecosystem engineer and prey species.
Fiddler crabs are prolific burrowers in marsh substrates and
process large amounts of sediments and organic material dur-
ing feeding. Fiddler crabs can have important influences on
marsh vegetation, marsh soils, benthic algae, detritus and or-
ganic material, nutrient cycling, microbial communities, and
meiofauna through their burrowing and feeding activities
(Teal 1962; Montague 1980, 1982; Katz 1980; Hoffman
et al. 1984; Bertness 1985; DePatra and Levin 1989; Taylor
and Allanson 1993; Gribsholt et al. 2003; Holdredge et al.
2010; Thomas and Blum 2010; Smith and Tyrrell 2012;
Gittman and Keller 2013). For example, fiddler crab
burrowing can increase the growth and biomass of Spartina
alterniflora, the foundation plant species in salt marshes,
through the combined effects of added nutrients, lower salin-
ity, greater oxygen, lower sulfide, and greater watermovement
through marsh soils (Montague 1982). Fiddler crabs are also
important prey for many species of commercial, recreational,
and conservation interest, including blue crab (Callinectes
sapidus), red drum (Sciaenops ocellatus), diamondback terra-
pin (Malaclemys terrapin), clapper rail (Rallus longirostris),
wading birds, migratory shorebirds, and raccoon (Procyon
lotor) (Teal 1962; Harmon and Stains 1979; Montague
1980; Heard 1982; Grimes et al. 1989; Tucker et al. 1995).
Accordingly, reductions in fiddler crabs and fiddler crab bur-
rows could have profound effects on salt marsh structure and
function, as well as a variety of marsh and estuarine predators.
In general, previous studies have reported negative effects
of prior oil spills on fiddler crabs, including increased mortal-
ity, reduced burrow density, impaired locomotion and behav-
ior, abnormal burrow construction, changes in sex ratio, and
reduced juvenile settlement (Rützler and Sterrer 1970; Krebs
and Burns 1977; Burns and Teal 1979; Teal and Howarth
1984; Burger et al. 1991, 1992; Teal et al. 1992; Culbertson
et al. 2007; Melville et al. 2009). However, many of these
studies were associated with a single prior oil spill in New
England, USA, affecting a relatively small area of marsh com-
pared to the Deepwater Horizon spill. In addition, these prior
spills and studies differed from theDeepwater Horizon spill in
several other important ways: (1) all were located outside the
Gulf of Mexico region; (2) all involved different species of
fiddler crabs; (3) all were shallow, nearshore spills that rapidly
affected shorelines, whereas oil from the offshore Deepwater
Horizon release weathered at sea for 2 weeks or more before
reaching shore; and (4) all were spills of refined products,
especially No. 2 fuel oil, which is generally more toxic than
most crude oils (Michel and Rutherford 2014). These differ-
ences could result in varying ecological responses to oiling.
Four published studies have touched on the effects of the
Deepwater Horizon oil spill on fiddler crabs (McCall and
Pennings 2012; Silliman et al. 2012; Zengel et al. 2014,
2015a). However, these studies primarily focused on
other topics and were limited in timing, duration, number of
sites studied, or specific locations and conditions examined
relative to fiddler crabs. The effects of the oil spill on fiddler
crabs were not always clear or consistent within or among these
studies. As described for salt marsh fishes, it can be difficult to
discern population and community effects from even large oil
spills, hence the need for synthesis across multiple studies
(Fodrie et al. 2014). Here, we synthesize results of these four
studies along with previously unpublished data from the
Natural Resources Damage Assessment (NRDA) and an ongo-
ing Gulf of Mexico Research Initiative (GoMRI) study (Deis et
al. 2015) in a meta-analysis to provide a comprehensive assess-
ment of how the Deepwater Horizon oil spill directly affected
fiddler crabs. We tested the hypothesis that the oil spill reduced
fiddler crab burrow density (crab abundance), reduced burrow
diameter (crab size), and altered fiddler crab species composi-
tion in salt marshes that were heavily to moderately oiled.
Methods
Studies We synthesized comparable results of all published
studies and additional unpublished data including large
NRDA and GoMRI data sets (Table 1). Detailed methods
are included in each of the published studies and are available
for the NRDA (Michel et al. 2012; Zengel et al. 2015b) and
GoMRI (Deis et al. 2015) sources. Study sites were widely
distributed throughout the northern Gulf of Mexico (LA, MS,
AL) with numerous sites concentrated in southeastern
Louisiana (Barataria and Terrebonne Bays), where salt marsh
oiling was most widespread and severe (Fig. 1).
Sites were categorized as oiled or reference sites by the
primary investigators using somewhat different criteria, but
all the studies described visibly oiled sites with heavy to mod-
erate oiling. The vast majority of the oiled sites corresponded
to the NRDA Bheavier persistent oiling^ category, defined as
marsh shorelines with heavy to moderate oiling that persisted
on the shoreline for 3 months or longer. All studies reported
that their reference sites had no visible oiling at the time data
were collected.
Some of the oiled sites had shoreline cleanup treatments
applied as part of the Deepwater Horizon emergency re-
sponse, involving manual and mechanical treatments includ-
ing removal of oiled wrack, raking and cutting of oiled marsh
vegetation (mainly oiled and dead vegetation), and raking and
scraping of oil deposits from the marsh substrate (Zengel et al.
2015a, b). Because we were interested in examining the over-
all impacts of the oil spill, including effects of oiling and any
associated shoreline treatment, and because some sources did
not describe whether sites were treated or not, we pooled all
oiled sites into a single category regardless of whether or not
they had been treated. Though some initial positive effects of
shoreline treatment on fiddler crab burrow density were
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observed in heavily oiled sites during this spill compared to
oiled and untreated sites, such effects were not persistent over
time and did not extend to other fiddler crab metrics examined
(Zengel et al. 2014, 2015a).
Nearly all sites, reference and oiled, were located in main-
land herbaceous salt marsh with muddy organic soils. Three
sites in one study (two reference and one oiled, McCall and
Pennings 2012) and one reference site in another (Silliman
et al. 2012) were located in back barrier island salt marsh
and may have had somewhat sandier soils. The salt marsh
vegetation at all sites was naturally dominated by Spartina
alterniflora and in some cases Juncus roemerianus, the typical
salt marsh species in the region. Reference versus oiled sites
were compared within individual studies across metrics in-
cluding soils, salinity, vegetation types, etc. and were found
to be generally similar in terms of habitat for fiddler crabs,
other than oiling conditions and subsequent impacts to the
marsh habitat. Based on geographic location, marsh type,
soils, and salinity, most sites would be expected to have been
dominated by Uca longisignalis (Mouton and Felder 1995,
1996). The few back barrier sites may have been dominated
or co-dominated by U. panacea if on sandier soils.
Some studies collected data in different seasons of the year,
which potentially could confound oil-spill effects with natural
variation across seasons (Mouton and Felder 1996). Because
most data were collected in the summer and fall (June through
early November), which are the warmer months during which
crabs would be most active, we limited our analyses to data
collected during this period to standardize for season.
Marsh Zones Oil was deposited most heavily along the sea-
ward edge of marshes, with gross visible oiling typically lim-
ited to ∼10–20 m from the shoreline, though oil extended
further into the marsh in some areas (Lin and Mendelssohn
2012; Silliman et al. 2012; Kokaly et al. 2013; Michel et al.
2013; Zengel et al. 2015a, b). Fiddler crabs naturally vary in
distribution and abundance between the marsh edge and inte-
rior (Peterson and Turner 1994; Mouton and Felder 1996),
with burrow densities typically being lowest at the marsh edge
and increasing inland to ∼8–15 m from the shoreline (Mouton
and Felder 1996). We therefore divided the data into three
Bmarsh zones^. Zone 1 was defined as the seaward marsh
edge, where oiling was typically heaviest (∼0–6 m from the
shoreline, depending on oiling width across shore). Zone 2
was defined as the marsh interior within the main oiling band
(∼6–15 m from the shoreline, depending on oiling width).
Zone 3 was defined as the marsh interior a few meters land-
ward (inland) of the main oiling band, with light to no visible
Table 1 Summary of fiddler crab data sources used in the meta-analysis
Source Years Zones Burrow density Burrow diameter Species composition References/notes
Silliman 2010–2012 1–2 X Silliman et al. 2012, including unpublished data
Pennings 2010–2011 3 X Xa McCall and Pennings 2012, including unpublished data
NRDA 2011 1–3 X X X Previously unpublished NRDA data
Zengel 2011–2014 1 X Xb Xc Zengel et al. 2014, 2015a, including unpublished data




Fig. 1 Study area map with reference and oiled sampling sites
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oiling and intact marsh vegetation. Designations for marsh
edge versus marsh interior were similar to Peterson and
Turner (1994). Data were assigned to the most appropriate
zone designations based on these criteria. Due to shoreline
erosion, sampling position relative to distance from the shore-
line was not static over time; however, even in later sampling
years, Zone 1 sampling sites were still located within the
shoreline widths most affected by oiling and most similar to
earlier Zone 1 locations (and these sites had not yet eroded
beyond the areas with heaviest oiling). In some cases, these
sites in later years may have been bordering on locations that
would have originally been considered Zone 2. In all cases,
zones at the reference sites were located at distances compa-
rable to those of the oiled sites.
Burrow Density All the studies estimated crab abundance
based on counts of crab burrows (# burrows m−2). Direct
counting of crabs requires excavating sediment to the maxi-
mum depth of burrows, which is both time consuming and
damaging to the habitat (Mouton and Felder 1996) and could
result in worsening subsurface soil contamination in oiled
sites by mixing oil into the soils. There is not always a 1:1
relationship between fiddler crab abundance and burrow den-
sity; however, for the species studied, crab density has been
estimated to be 75–100 % of burrow density in Louisiana
(Mouton and Felder 1996). Fiddler crabs were the most abun-
dant burrowing crab species observed at these sites, so burrow
counts were unlikely to be highly influenced by the abundance
of other burrowing crab species. We were able to compile
burrow count data for 16 study-zone-by-year combinations.
We analyzed these data in two ways. First, we compared bur-
row density between oiled and reference sites using a t test for
each study-zone-by-year combination. Data were log (x+0.1)
transformed prior to analysis to improve normality, and
Welch’s statistic was used where variances were unequal.
We also analyzed the untransformed data using a non-
parametric Mann-Whitney U (MWU) test. Second, we esti-
mated the effect of the oil spill using log response ratios, ln
(burrow density at oiled sites/burrow density at reference
sites) for each study-zone-by-year combination (after
Hedges et al. 1999). The log response ratio is zero if oiled
and reference sites are identical, and negative if burrow
densities are lower at oiled sites. We compared the log re-
sponse ratio to zero across all study-zone-by-year combi-
nations using a one-sample t test and a non-parametric
Wilcoxon signed-rank test. Back-calculating from the log
response ratio, we determined the mean response ratio and
asymmetrical 95 % confidence intervals calculated from the
t test and converted these to an estimate of mean propor-
tional reduction in burrow density with oiling (with lower
95 % confidence boundary). For all analyses, we defined
statistical significance as p≤ 0.10 based on guidance from
Mapstone (1995) designed to better balance type I and type
II errors during environmental impact studies. All statistical
tests across the study were one-tailed.
Burrow Diameter A subset of studies estimated relative crab
size based on burrow diameter (millimeter) (Table 1). This is a
common field method, and a strong relationship exists be-
tween crab carapace width and burrow diameter (Mouton
and Felder 1996). We were able to compile burrow diameter
data for 10 study-zone-by-year combinations. As for burrow
density, we first compared burrow diameter (without transfor-
mation) between oiled and reference sites using a t test and
MWU test for each study-zone-by-year combination and sec-
ond estimated the effect of oiling on burrow diameter across
all study-zone-by-year combinations by comparing the log
response ratios of burrow diameter to zero using a one sample
t test and Wilcoxon signed-rank test.
Species Composition A subset of studies captured fiddler
crabs (n=1384) on the marsh surface and from burrow en-
trances to estimate relative species composition (Table 1).
Without excavating the marsh to collect every single individu-
al, this is a practical, less destructive way to compare the rela-
tive abundances of different species. However, different species
may vary in surface activity so this method can only provide a
rough index of species composition.We compiled species com-
position data for five study-zone-by-year combinations. Most
crabs were identified asU. longisignalis orU. spinicarpa; a few
were identified as U. rapax or U. panacea; no U. minax was
observed; and some fiddler crabs were too small to be reliably
identified to species. Therefore, we focused our analysis on the
relative abundances of U. longisignalis and U. spinicarpa.
Species composition was expressed as the proportion of
U. longisignalis to (U. longisignalis+U. spinicarpa) for anal-
ysis. U. longisignalis is the typical dominant in densely vege-
tated salt marsh in the region; U. spinicarpa is the main sec-
ondary species in salt marsh and dominates in sparsely vege-
tated areas with clay soils, such as along dredged canal banks
(Mouton and Felder 1995, 1996). As was done for burrow
density and diameter, we first compared species composition
between oiled and reference sites using a t test and MWU test
for each study-zone-by-year combination. Data were arcsine
square root transformed for the t tests to improve normality.
Second, we estimated the effect of oiling on species composi-
tion across all study-zone-by-year combinations by comparing
the log response ratios to zero using a one sample t test and
Wilcoxon signed-rank test.
Results
Burrow Density Crab burrow densities tended to be lower at
oiled sites than at reference sites for nearly all combinations of
study-zone-by-year (Table 2, Fig. 2). The two exceptions were
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Zone 3 in 2011 and one of two studies in Zone 1 in 2014. Half
of the study-zone-by-year combinations were statistically sig-
nificant, spanning multiple studies (Table 2). Though no cor-
rections of p values were applied to address multiple tests, less
than two significant results would have been expected by
chance, but 7–8 were significant (whether relying on t tests
orMWU tests). As a whole, the log response ratio values were
significantly different from zero, indicating that the oil spill
reduced burrow densities in the oiled sites relative to reference
conditions (Fig. 2). Examining the data by zone and over time,
most Zone 1 differences were statistically significant, and re-
covery of oiled sites to reference levels was not exhibited
overall (Fig. 2). Zone 2 differences were not significant but
the trend in the data was similar to that of Zone 1 in oiling
effects and lack of recovery (Fig. 2). Zone 3 differences were
statistically significant in 2010, shortly after heavy oiling first
came ashore, but fiddler crab burrow densities at oiled sites
recovered to reference levels by 2011. On average, burrow
densities across all study-zone-by-year combinations were re-
duced by 39 % in the oiled sites (95 % lower confidence
bound=25 % reduction).
Burrow Diameter Burrow diameters were 21 and 44 %
percent smaller at oiled compared to reference sites for the
two statistically significant comparisons (Zone 3 in 2010
and Zone 1 in 2011) (Table 3, Fig. 3). In this case, only one
significant difference would have been expected by chance.
As a group, log response ratio values were not different
from zero. Examining the data by zone and over time, bur-
row diameters appeared to be initially reduced in the oiled
sites but recovered during the study period (by 2012 for
Zone 1, by 2011 for Zone 3, and perhaps also by 2011 in
Zone 2).
Species Composition The most common fiddler crab species
at the study sites wasU. longisignalis; however, it tended to be
Table 2 Fiddler crab burrow density summary table
Data source Number of observations Mean± SE (# burrows m−2) Oiled : reference response ratios Significance tests (p values)
Year Study Zone Ref. Oiled Reference Oiled RR ln RR reduction t test MWU test
2010 Silliman 1 3 3 9.1 ± 4.6 4.7 ± 1.7 0.51 −0.66 0.49 0.60 0.35
2010 Silliman 2 3 3 35.7 ± 1.9 28.5 ± 9.0 0.80 −0.23 0.20 0.20 0.35
2010 Pennings 3 5 5 25.7 ± 5.9 8.4 ± 3.7 0.32 −1.12 0.68 0.02 0.03
2011 NRDA 1 9 23 24.9 ± 9.1 20.6 ± 5.1 0.83 −0.19 0.17 0.04 0.16
2011 Zengel 1 5 19 17.3 ± 1.2 11.1 ± 2.0 0.64 −0.45 0.36 0.01 0.04
2011 NRDA 2 11 24 59.5 ± 13.0 49.2 ± 6.0 0.83 −0.19 0.17 0.35 0.29
2011 NRDA 3 11 24 53.5 ± 12.1 65.9 ± 10.9 1.23 0.21 −0.23 0.61 0.67
2011 Pennings 3 6 5 30.2 ± 6.3 24.4 ± 9.2 0.81 −0.21 0.19 0.21 0.27
2012 Silliman 1 12 8 18.3 ± 3.0 12.0 ± 3.2 0.65 −0.42 0.35 0.25 0.08
2012 Zengel 1 5 19 15.7 ± 2.8 11.4 ± 1.6 0.72 −0.32 0.28 0.04 0.13
2012 Deis 1 7 14 20.6 ± 6.4 8.9 ± 3.4 0.43 −0.84 0.57 0.04 0.04
2012 Silliman 2 6 4 16.0 ± 2.1 10.0 ± 4.2 0.62 −0.47 0.38 0.16 0.11
2013 Zengel 1 5 10 11.2 ± 2.5 2.5 ± 1.1 0.22 −1.50 0.78 <0.01 <0.01
2013 Deis 1 7 14 17.7 ± 5.4 12.9 ± 7.0 0.73 −0.32 0.27 <0.01 0.03
2014 Zengel 1 5 10 19.2 ± 6.8 5.4 ± 2.2 0.28 −1.27 0.72 0.01 0.02
2014 Deis 1 7 14 10.3 ± 4.8 11.7 ± 3.9 1.14 0.13 −0.14 0.45 0.53
Data include response ratios (RR) (burrow densities for oiled sites/burrow densities for reference sites), proportional reduction with oiling (reduction),
and significance tests for each combination of study-zone-by-year. Log response ratios (ln RR) less than zero indicate lower burrow densities for oiled
versus reference sites. Raw density data were log (x + 0.1) transformed for t tests, non-parametric Mann-Whitney U (MWU) tests also included
Fig. 2 Log response ratios (oiled : reference) for fiddler crab burrow
density by zone and year. Where more than one study contributed data
for any zone-by-year combination, average values were plotted. Values
less than zero indicate lower burrow densities for oiled versus reference
sites. Log response ratios were significantly lower than zero for the
combined analysis across all study-zone-by-year observations (t test,
p< 0.01; Wilcoxon signed-ranked test, p < 0.01)
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proportionately less abundant in the oiled versus reference
sites for all combinations of study-zone-by-year (Table 4,
Fig. 4). Three of the five study-zone-by-year combinations
were statistically significant. Less than one significant differ-
ence would have been expected by chance. As a whole, the
log response ratios were also significantly different from zero,
indicating that oiling reduced the numerical dominance of
U. longisignalis and increased the relative abundance of the
only other common species, U. spinicarpa. Changes in spe-
cies composition occurred in each zone, and recovery was not
detected over time (though only one data source in Zone 1 had
measurements in multiple years).
Discussion
All three metrics indicated that the Deepwater Horizon oil
spill negatively affected fiddler crab populations. Crabs at
oiled sites were less abundant, were smaller for a period of
time after the spill, and differed in species composition from
crabs at reference sites. Below, we discuss the implications of
each of these findings.
Burrow Density We found compelling evidence that the oil
spill reduced fiddler crab burrow density from the oiled marsh
edge into the marsh interior inland of the main oiling bands.
Fewer crabs, less burrowing, and fewer crab burrows would
be expected to affect marsh structure and function, including
marsh plant productivity and soil characteristics. By 2014,
more than 4 years after initial oiling, overall burrow density
had not recovered to reference levels at the marsh edge. There
appeared to be possible signs of recovery in one study in 2014,
where oiling levels were moderate to heavy (Deis et al. 2015);
however, the other study in 2014 displayed ongoing impacts,
perhaps due to more persistent or heavier oiling (Zengel et al.
2015a; see also Fleeger et al. 2015). Longer-lasting impacts at
the marsh edge are not surprising. Gross oiling levels were
higher, and vegetation impacts were more pronounced at the
seaward marsh edge (Lin and Mendelssohn 2012; Zengel et
al. 2015b). Several authors have also documented accelerated
marsh erosion due to vegetation impacts caused by the oil spill
(Silliman et al. 2012; McClenachan et al. 2013; Zengel et al.
2015a). Accelerated marsh erosion may also result in direct
loss of fiddler crabs and their habitat. However, such an effect
was not investigated in our study, and therefore, our findings
may underestimate total losses of fiddler crabs.
Table 3 Fiddler crab burrow diameter summary table
Data source Number of observations Mean± SE (diameter, mm) Oiled : reference response ratios Significance tests (p-values)
Year Study Zone Ref. Oiled Reference Oiled RR ln RR reduction t-test MWU
2010 Pennings 3 5 5 14.7 ± 1.3 8.2 ± 1.0 0.56 −0.58 0.44 <0.01 <0.01
2011 NRDA 1 9 19 7.7 ± 0.6 6.1 ± 0.5 0.79 −0.24 0.21 0.02 0.03
2011 NRDA 2 11 24 7.5 ± 0.5 7.0 ± 0.3 0.94 −0.06 0.06 0.22 0.31
2011 NRDA 3 11 23 6.6 ± 0.6 7.5 ± 0.4 1.14 0.13 −0.14 0.89 0.84
2012 Zengel 1 5 19 9.4 ± 1.4 9.9 ± 0.6 1.05 0.05 −0.05 0.61 0.61
2012 Deis 1 6 5 9.4 ± 1.4 9.7 ± 1.9 1.02 0.02 −0.02 0.54 0.53
2013 Zengel 1 5 7 10.1 ± 2.2 15.3 ± 1.7 1.52 0.42 −0.52 0.95 0.98
2013 Deis 1 4 5 16.9 ± 0.9 17.1 ± 3.9 1.01 0.01 −0.01 0.51 0.10
2014 Zengel 1 5 7 11.7 ± 1.8 12.6 ± 1.9 1.08 0.07 −0.08 0.63 0.50
2014 Deis 1 5 10 7.0 ± 1.3 9.6 ± 1.6 1.36 0.31 −0.36 0.89 0.80
Data include response ratios (RR) (burrow diameters for oiled sites/burrow diameters for reference sites), proportional reduction with oiling (reduction),
and significance tests for each combination of study-zone-by-year. Number of observations refers to study sites compared. Log response ratios (ln RR)
less than zero indicate smaller burrow diameters for oiled versus reference sites. Raw diameter data were used for t tests, non-parametric Mann-Whitney
U (MWU) tests also included
Fig. 3 Log response ratios (oiled : reference) for fiddler crab burrow
diameter by zone and year. Values less than zero indicate smaller
burrow diameters for oiled versus reference sites. Log response ratios
were not significantly lower than zero for the combined analysis across
all study-zone-by-year observations (t test, p = 0.60; Wilcoxon signed
ranked test, p= 0.80)
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Overall, burrow densities at the reference sites were con-
sistent with those expected for the region (Mouton and Felder
1996; Tong et al. 2013; McFarlin et al. 2015). Burrow densi-
ties at the oiled sites were reduced across multiple years. A
similar effect was observed in heavily oiled areas following a
prior spill of no. 2 fuel oil outside the Gulf region (Krebs and
Burns 1977; Culbertson et al. 2007). We suspect that the rel-
atively low densities of fiddler crabs at the marsh edge in our
reference areas in 2010, compared to most of our reference
values and literature sources, may have been due to low levels
of oiling at some of these sites in 2010 that were no longer
visible by the time of sampling. This interpretation is consis-
tent with very light to light shoreline oiling recorded for two of
these reference sites during Shoreline Cleanup Assessment
Technique (SCAT) surveys (Michel et al. 2013; NOAA
2014). Low levels of oiling for at least a short time could
explain why reference values in Zone 1 in 2010 were similar
to oiled values in Zone 3. Lower levels of non-persistent oiling
possibly occurred at a number of other reference sites as well,
due to widespread oiling across the study area. If so, light
oiling at some reference sites would have made all of our
comparisons between oiled and reference sites conservative.
Burrow Diameter The oil spill also reduced fiddler crab bur-
row diameters, but the effect had a shorter duration (up to
2 years) compared to effects on burrow density. As with oil
effects on burrow density, effects on burrow size persisted
longer at the seaward marsh edge, where oiling levels and
vegetation impacts were greater. Early yet shorter-term reduc-
tions in burrow diameter in oiled areas, coupled with reduc-
tions in density, point to high fiddler crab mortality across all
size classes shortly after the oil initially came ashore, due to
smothering or toxicity caused by oiling. Subsequent recruit-
ment would have led to initial populations dominated by
younger (smaller) crabs in oiled areas compared to reference
sites. Over time, crab size would recover through growth of
recruited individuals or immigration of adult crabs from adja-
cent areas.
Species Composition Fiddler crab species composition was
also altered by the oil spill. Both oiling and associated habitat
changes may have led to this change. U. longisignalis typical-
ly dominates densely vegetated salt marsh sites in the region,
whereas U. spinicarpa dominates sparsely vegetated areas
with clay soils, such as along canal banks (Mouton and
Felder 1995, 1996). Where the two species co-occur in salt
marsh sites dominated by U. longisignalis, U. spinicarpa is
typically restricted to the seaward marsh edge and typically
comprises ≤10 % of the population (Mouton and Felder
1996). Loss of vegetation cover coupled with residual oiling
overlaid with thin algal mats and clay sediments may have led
to reduced dominance of U. longisignalis and increased rela-
tive abundance ofU. spinicarpa in heavily oiled sites (Zengel
et al. 2014, 2015a). During sampling in 2012–2013,
Table 4 Fiddler crab species composition summary table
Data source Number of observations Mean ± SE (prpt. U. longisignalis) Oiled : reference response ratios Significance test (p-values)
Year Study Zone Ref. Oiled Reference Oiled RR ln RR reduction t-test MWU
2011 NRDA 1 7 18 0.47 ± 0.18 0.42± 0.11 0.90 −0.11 0.10 0.43 0.47
2011 NRDA 2 9 21 0.89 ± 0.11 0.79± 0.09 0.89 −0.12 0.11 0.22 0.18
2011 NRDA 3 8 24 1.00 ± 0.00 0.83± 0.08 0.83 −0.18 0.17 0.02 0.12
2012 Zengel 1 5 13 1.00 ± 0.00 0.73± 0.07 0.73 −0.31 0.27 <0.01 0.02
2013 Zengel 1 5 8 1.00 ± 0.00 0.35± 0.13 0.35 −1.04 0.65 <0.01 <0.01
Species composition expressed as the proportion (prpt.) ofU. longisignalis (toU. longisignalis +U. spinicarpa).U. longisignalis is the typical dominant
species. Data include response ratios (RR) (proportion U. longisignalis for oiled sites/proportion U. longisignalis for reference sites), proportional
reduction with oiling (reduction), and significance tests for each combination of study-zone-by-year. Log response ratios (ln RR) less than zero indicate
reduced U. longisignalis dominance (and increased relative abundance of U. spinicarpa) for oiled versus reference sites. Raw species composition data
were arcsine square root transformed for t tests, non-parametric Mann-Whitney U (MWU) tests also included
Fig. 4 Log response ratios (oiled : reference) for fiddler crab species
composition by zone and year. Values less than zero indicate reduced
U. longisignalis dominance (and increased relative abundance of
U. spinicarpa) for oiled versus reference sites. Log response ratios were
significantly lower than zero for the combined analysis across all study-
zone-by-year observations (t test, p = 0.06; Wilcoxon signed-rank test,
p= 0.03)
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U. longisignalis was typically captured in vegetated areas,
whereas U. spinicarpa was typically captured in unvegetated
or sparsely vegetated areas with remaining surface oil (Zengel
et al. 2014, 2015a). Our interpretation is greatly strengthened
by results from experimental plantings of Spartina
alterniflora at oiled sites: where marsh vegetation cover was
restored, fiddler crab species composition returned to strong
dominance by U. longisignalis (Zengel et al. 2014).
Qualitatively, Deis et al. (2015) also observed strong domi-
nance by U. longisignalis where Spartina alterniflora stem
density recovered in their sites. These findings suggest that
fiddler crab species composition will not recover at oiled sites
until the vegetation recovers. Changes in fiddler crab species
composition could have implications for marsh structure and
function, but no studies of such differences are available.
Nevertheless, if these two fiddler crab species differ in feeding
activities, burrowing behavior, productivity, nutritive value, or
interactions with other species, changes in species composi-
tion could have meaningful impact. At a minimum,
U. spinicarpa is generally smaller than U. longisignalis and
tends to have lower burrow densities and lower biomass
(Mouton and Felder 1995, 1996), so it is likely that the two
species are not ecologically equivalent in terms of supporting
salt marsh function and services.
We conclude that the Deepwater Horizon oil spill had a
substantial impact on salt marsh fiddler crabs, and that full
recovery of crabs had not occurred as of 2014. There were
possible signs of recovery as early as 2011, possibly due to
fiddler crab recruitment or immigration into areas where oil on
the marsh surface had weathered and perhaps where shoreline
cleanup treatments had also occurred in some cases (Zengel
et al. 2015a). However, improvements were temporary for
burrow density, which declined again through at least 2013
(along with species composition), perhaps due to residual
oiling, oil remobilization during storms and erosion events,
and continuing habitat alterations (Zengel et al. 2014, 2015a;
see also Pennings et al. 2014 regarding Becological traps^).
Residual oiling in marsh soils, including polycyclic aromatic
hydrocarbons (PAHs) (Turner et al. 2014; Zengel et al.
2015b), could limit fiddler crab recovery, through effects on
recruitment, burrowing activity, feeding, growth, and survival.
Full recovery is also unlikely until the marsh vegetation re-
covers, and total fiddler crab recovery may lag vegetation
recovery (Zengel et al. 2014). Full recovery could take as long
as 2 to 4 years once oiling and habitat conditions are suitable
to support normal fiddler crab life-history functions (2 to
4 years being the estimated time to re-establish the population
age-size structure via new recruitment and growth, based on
the oldest and largest individuals [Montague 1980; Mouton
and Felder 1995; de M.M. Costa and Soares-Gomes 2015]).
Where heavily oiled marshes have experienced accelerated
erosion as a result of the spill, these habitat losses would
represent additional losses of fiddler crabs. As erosional losses
were not examined in our study, spill impacts on fiddler crabs
may be even greater than described here. In turn, oil spill
effects on fiddler crabs and their burrows may have influenced
several other ecosystem processes and attributes, including
marsh vegetation productivity, marsh soil characteristics, and
important species that depend on fiddler crabs as prey.
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